conserved insulin signaling pathway in regulating cell size, cell proliferation, and organ size in Drosophila (ReOverexpression of Tsc1 or Tsc2 alone in the wing and eye has no effect, but co-overexpression leads to a 
screens can identify genes affecting growth that might increase in eye size, the ommatidia number in these eyes (690 Ϯ 25, n ϭ 9) remained close to wild-type be missed if mutations result in early homozygous lethality. The Drosophila adult eye facilitates such screens sibling controls (663 Ϯ 12, n ϭ 3). Eye sections revealed that in mosaic ommatidia, all since it is an ordered array of ommatidia. A mutant clone induced by mitotic recombination can be directly commutant cells were enlarged in size, whereas adjacent wild-type cells were normal ( Figure 1C , arrows), indicatpared with its marked wild-type twin-spot clone for changes in growth. Thus, in addition to mutations that ing that the effect of t14 on cell size is cell autonomous. Ommatidia consisting of only mutant cells measured cause tumorous or duplication outgrowths (Theodosiou et al., 1998; Xu et al., 1995) , mosaic screens in the eye 283 Ϯ 45 m 2 in area (n ϭ 56) versus 91 Ϯ 15 m 2 of wild-type ommatidia (n ϭ 18), representing a 3-fold have also recovered overgrowth mutations that do not affect pattern formation (Xu et al., 1995) . Here, we report increase. However, photoreceptor differentiation appeared largely normal, although rhabdomeres were ofa complementation group consisting of a single allele (t14) that affects growth but not differentiation. ten elongated ( Figure 1C ). Occasionally, fused ommatidia were found at the clone border (data not shown). To remove potential deleterious growth-affecting mutants, we recombined most of the mutagenized chromoThe t14 mutant eye clones also contained enlarged interommatidial bristles. Infrequently, 1 to 3 extra or some region away from t14 (Experimental Procedures). We further used the eyFLP1 gene, which consistently missing bristles were also found. Anterior margin bristles in mutant wing clones were also increased in size ( Additionally, a small percentage of mosaic adults had 1A and 1B). We further utilized the EGUF/hid technique to remove all wild-type cells in the t14 mosaic eyes melanotic tumors (data not shown). (Stowers and Schwarz, 1999) . This resulted in adult flies with enlarged eyes (a 2.5-to 3-fold increase) and normal t14 Is a Drosophila Tsc1 Allele The t14 mutation is located on the right arm of the third bodies ( Figure 1E) 
Tsc1 Affects Cell and Organ Size During Development
To determine whether Tsc1 affected cell and organ size during development, we generated large Tsc1 mutant clones in the eye and wing discs and found that mosaic discs were two to three times larger than wild-type con- 
Co-overexpression of Tsc1 and Tsc2
Negatively Regulates Cell Size, Cell Number, and Organ Size Since loss of Tsc1 resulted in an increase in cell size, cell number, and organ size, we tested if overexpression of Tsc1 would have opposite effects. We utilized the UAS/GAL4 binary system for overexpression experiments (Brand and Perrimon, 1993). Transgenic animals were generated that contained a full-length Tsc1 cDNA Similarly, overexpression of Tsc1 to the posterior compartment of the wing disc (en-GAL driver; Tabata et al., 1995) had no effect (Figures 5J and 5N ; Table 1 ). We 12 accessory cells ( Figure 2I ) (Wolff and Ready, 1993). However, greater than 40% of the Tsc1 mutant ommaalso explored the effects of overexpressing Tsc2. Similar to Tsc1, overexpression of Tsc2 (UAS-Tsc2, a gift from tidia contained one to three extra accessory cells ( Figure  2J ). An increase in the number of photoreceptor cells N. Ito) by the eyGAL4, pGMR-GAL4, and en-GAL4 drivers showed no detectable effects (Figures 5B, 5F, 5K, was not observed. All together, our data suggest that Tsc1 functions to maintain cells at G 0 in the eye disc. and 5O; Table 1 ). Since Tsc1 and Tsc2 can bind in vitro, we hypothesized that they might function together in vivo. Perhaps Tsc1 Mutant Cells Do Not Undergo Endoreplication overexpression of either protein alone had no effect since the level of the other partner was still limiting in It has been reported that Tsc2 mutant cells undergo endoreplication (Ito and Rubin, 1999). However, our the cell. We tested this by co-overexpression of both genes. Strikingly, co-overexpression of Tsc1 and Tsc2 staining results suggest that, at least for Tsc1 mutant cells, endoreplication does not occur. We further perin proliferating cells using the eyGAL4 driver led to a significant decrease in overall eye size and number of formed flow cytometry analysis on Tsc1 mutant cells from wing discs following the technique introduced by ommatidia ( Figure 5C ). This phenotype was unlikely caused by apoptosis, since co-overexpression of p35 Edgar and colleagues (Neufeld et al., 1998). We found that Tsc1 mutant cells exhibited normal DNA contents had no suppression effect (Hay et al., 1994) (data not shown). Co-overexpression of Tsc1 and Tsc2 in differdespite an increase in cell size throughout the cell cycle ( Figures 3A and 3B ). In addition, there was a significant entiating cells with the pGMR-GAL4 driver resulted in eyes that were flatter and smaller, but contained normal decrease of cells at the G 1 /G 0 phase ( Figure 3C) . Forward scatter analysis also demonstrated that Tsc1 mutant numbers of ommatidia ( Figure 5G ). Furthermore, sections of the adult eyes co-expressing Tsc1 and Tsc2 cells were increased in size ( Figure 3D ). Similar results were also obtained from flow cytometry analysis of Tsc1 with pGMR-GAL4 demonstrated a 30% decrease in ommatidium size ( Figures 5D and 5H ). We concluded from mosaic eye discs (data not shown). We concluded that Tsc1 mutant cells underwent extra rounds of cell division these results that co-overexpression of Tsc1 and Tsc2 in proliferating cells led to a decrease in cell numbers, and exhibited accelerated progression through G 1 /G 0 .
whereas co-overexpression of Tsc1 and Tsc2 in differentiating cells led to a decrease in cell growth. Drosophila Tsc1 Binds Tsc2 In Vitro It has been shown that human TSC1 protein binds to Co-overexpression of Tsc1 and Tsc2 in the posterior compartment of the wing using the en-GAL4 driver also the TSC2 protein (Plank et al., 1998; van Slegtenhorst et al., 1998). We wanted to test if this interaction was resulted in a significant decrease in cell size, cell number, and wing size ( Figures 5L, 5P , and 5Q). The twoalso conserved in Drosophila. In a GST pull-down in vitro assay, we found that full-length Tsc1 protein fused dimensional structure of the wing blade and its simple cellular composition allows for an accurate analysis of to GST (GST-Tsc1 in the wings from wild-type flies, flies that overexpressed either Tsc1 or Tsc2 alone, and flies that co-overexwas unlikely due to nonspecific sticking. The TSC2 binding site on TSC1 has been previously mapped to a region pressed both Tsc1 and Tsc2 (Table 1) . We found that Figure 6B) . Furthermore, overexpression of dinr using the pGMR-GAL4 driver led to an increase in ommatidium size, which was also suppressed by co-overexpression of Tsc1 and Tsc2 (data not shown). Clones of dinr mutant ommatidia were smaller in size than wild-type ( Figure  6C ). Ommatidia that were mutant for both dinr and Tsc1, however, exhibited the Tsc1 mutant phenotype of increased ommatidium size ( Figure 6D) .
Overexpression of dPTEN using the pGMR-GAL4 driver led to eyes with a decreased ommatidium size ( Figure 6E) (Huang et al., 1999) . However, overexpression of dPTEN was unable to suppress the clonal Tsc1 mutant phenotype ( Figure 6F ). Similar to dinr, clones of dAkt mutant ommatidia were smaller in size ( Figure 6G ). Ommatidia mutant for both dAkt and Tsc1 displayed the Tsc1 phenotype ( Figure 6H) . Similarly, ommatidia that contained Tsc2 mutant clones in a dAkt mutant background exhibited the Tsc2 mutant phenotype (data not shown). These results suggest that in the eye, Tsc1 and Tsc2 function genetically epistatic to dinr, dPTEN, and dAkt.
We further examined the double mutant phenotypes of dS6k and Tsc2. Mosaic eyes consisting primarily of dS6k mutant ommatidia were slightly smaller than wildtype due to decreases in ommatidium size ( Figure 6I , Experimental Procedures). Strikingly, mosaic eyes consisting primarily of dS6k and Tsc2 double mutant ommatidia displayed the dS6k phenotype ( Figure 6J ). Furthermore, clones of Tsc1 mutant ommatidia in a dS6k mutant background no longer exhibited the Tsc1 mutant phenotype (data not shown). Finally, the small ommatidium phenotype caused by co-overexpression of Tsc1 and Tsc2 was suppressed by co-overexpression of either dS6k or the human p70 S6K gene (Figures 6K and 6L ; data not shown) (Zhang et al., 2000) . All together, our epistasis data indicated that Tsc1 and Tsc2 antagonized insulin signaling, that genetically Tsc1 and Tsc2 were epistatic to dAkt, and that dS6k was epistatic to Tsc1 and Tsc2.
Discussion
TSC is a common disease with severe clinical consequences. In this study, we present the characterization of a TSC1 homolog in a model organism. Since homologs of TSC1 and TSC2 are not found in yeast or C. elegans, Drosophila is an invaluable model for dissecting the in vivo functions of TSC1 and TSC2.
Drosophila Tsc1 Regulates Cell Size
The most dramatic phenotype of Tsc1 is an alteration in cell size. Mutation of Tsc1 in adult eye or wing structures result in an average 3-fold increase in cell size in a cell autonomous fashion. The observation that both 2C and 4C Tsc1 mutant cells in third instar wing and eye discs are increased in size, and that the mutant cells in the anterior proliferating region of the eye disc are larger than wild-type, suggests that an increase in size occurs in proliferation cells during all stages of the cell cycle. Since Tsc1 mutant cells in third instar discs are not as Tsc1 or Tsc2 alone has no effect, whereas co-overexpression dramatically affects cell size, cell proliferation, growths in mosaic animals and altered organ size by and organ size. In addition, in both humans and flies, parallel pathway or in a pathway that converges with insulin signaling (Figures 7B and 7C) indicate that dS6k is genetically epistatic to Tsc1 and 7A). Alternatively, Tsc1 and Tsc2 could function in a
